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Abstract —  The paper presents new results of automated 
path planning for an industrial robot manipulator performing 
microplasma spraying of coatings on substrates with complex 
surface shapes. Path planning and automatic generation of the 
manipulator motion program are performed using data of a 
preliminary 3D surface scanning by a laser triangulation 
distance sensor installed on the same robot arm. The automatic 
manipulator working tool path planning algorithm is based on 
the choice of the starting segment of the working tool trace as 
a geodetic line on the surface. An algorithm for optimal spatial 
curve approximation by a sequence of line segments and arcs 
has been developed as a part of the automatic manipulator 
program generation system. The developed algorithms and 
their software implementation were experimentally tested 
through robotic microplasma spraying of a protective coating 
on the surface of a jaw crusher plate, which was then 
successfully operated for crushing mineral raw materials. 
 
Keywords— industrial robot-manipulator, 3D scanning, 
automatic path planning, automatic robot – manipulator 
program generation 
I. INTRODUCTION 
Nowadays, industrial robots are widely used, 
manipulators are used for loading, packaging, plasma or 
laser cutting and melting as well as for various types of 
surface treatment: painting, spraying coatings, etc. [1-6]. 
With regard to the thermal plasma spraying process, the 
main task performed by the robot arm is to move the plasma 
source or substrate in order to expose the substrate surface 
to the plasma flow with the coating particles in a stable, 
consistent and repeatable manner. This means that during 
plasma spraying, the robot always maintains the same 
spraying angle (preferably 90°), spraying distance (a 
distance from the plasma source nozzle to the surface) and 
fixed distance that the source or substrate is displaced to 
bring the next section of the surface into the plasma flow 
[7, 8].    
From the point of view of the requirements for a 
uniform distribution of the coating mass on the surface, the 
plasma spraying process is conducted similar to the 
processes of paint spraying, where the spraying cone moves 
along the surface. However, there are significant 
differences between the processes of plasma spraying and 
paint spraying, as well as in assessing the quality of the final 
product (e.g. coating), as will be noted below. 
 Currently, different approaches are used for a robot 
arm automatic path and motion planning, i.e. planning the 
movement of the manipulator working tool along a given 
spatial trajectory. Trigatti at al. [9] calculated the time 
parameters of the trajectory of the spray painting robot 
based on the restrictions of the maximum values of speeds 
and accelerations of the final effector imposed by both the 
characteristics of the manipulator and the technological 
parameters of the spraying process. Chen et al. [1, 10, 11] 
developed a path planning scheme for a spray painting 
robot based on the choice of the starting segment of the 
trajectory as a geodetic line on the sprayed surface. Zhou 
Yu. et al. [12] emphasized that the shape of the workpiece 
can strongly influence the quality of the sprayed coating. 
To simplify the trajectory planning operations for robotic 
spraying of complex surfaces, Fu et al. [13] proposed a 
surface segmentation method based on a genetic algorithm, 
in which a complex surface is divided into several surfaces 
of small curvatures. Zhou B. et al. [14] developed an 
algorithm for surface slice-projection processing for 
automatic generation of the manipulator working tool 
trajectory, and the simulation results demonstrated the 
effectiveness of the algorithm. Zeng et al. [15] developed a 
model of the rate of growth of the coating for the 
technology of spraying with a different angle of inclination; 
experiments have shown that the model has good accuracy. 
Currently, the use of robotic manipulators in industry is 
usually limited to large-scale production, since each 
transition to a new type of product requires complex 
calibration procedures in order to achieve compliance with 
the model embedded in the robot during its manufacture. 
Therefore, the task of automatically generating a program 
code for a robotic arm from a CAD model is in the focus of 
researchers and developers of robotic systems [9-15]. The 
practical implementation of such task could make it 
possible to efficiently process the surfaces of small-scale 
and piece products of complex shape using a robot- 
manipulator. 
The main idea of this research is to develop an 
intelligent robotic system for plasma processing of 
industrial products, which makes it possible to implement 
the automated pass planning of a robot arm. A distinctive 
feature of the proposed intelligent robotic system is a 
preliminary 3D-scanning of the surface of the workpiece 
with subsequent automatic generation of the robot-
manipulator program code, taking into account the data of 
the 3D-scan of the object (Fig 1).   Pre-scanning is carried 
out by distance sensors mounted on the same robotic arm 
that plasma sprays the object  
 
 
Figure 1.  Flow chart of the process of microplasma spraying by 
an intelligent robotic system  
Thus, the trajectory plan must be generated for the 
thermal spraying process without any initial knowledge of 
the products shape or orientation.  The closest to the main 
ideas of this study are the different algorithms developed 
by Kondratenko et al. [16, 17], Tkachenko et al. [18] and 
Patil et al. [19] for the operation of an intelligent robot in 
an environment with uncertainty. In this case, the trajectory 
is formed by the robot control system based on information 
about the current state of the external environment, that is, 
according to the 3D model of the processed surface 
reconstructed by the robot, which is a point cloud 
(coordinates of the object surface).  
The development of such an intelligent robotic system 
will make it possible to process piece and large-sized 
products, the geometric parameters of which are 
determined with low accuracy, or products with deviations 
from a given shape. At the same time, the method of robotic 
scanning developed by the authors of this paper is 
inexpensive compared to machine vision methods, since it 
uses cheap distance sensors, and it must be highlighted that 
this method is quite accurate due to the use of an industrial 
robot with precise positioning of the working tool. To 
implement the research idea, it was necessary to develop 
new algorithms (and corresponding software) for scanning 
and reconstructing a 3D model of an object, including a 
surface segmentation algorithm, as well as algorithms for 
automatic generation of a robot code for moving a working 
tool along the resulting 3D trajectory.  
This study focused on the development of an automatic 
path and motion planning based on the preliminary 3D 
surface scanning data for a robot manipulator performing 
microplasma spraying of coatings on surfaces with 
complex shapes.   
The main purpose of the paper was to develop and test 
the algorithms for the surface segmentation and automatic 
generation of a robot manipulator program for a plasma 
surface treatment of large-sized products. Testing of the 
intelligent system was carried out in the conditions of the 
production site for robotic plasma spraying with production 
tests of plasma sprayed coatings. 
 
II. EXPERIMENTAL 
The implementation of the automatic path planning 
based on the 3D model of the scanned object and the motion 
planning was carried out for the Kawasaki RS010L 
(Kawasaki Heavy Industries, Japan) robot manipulator 
controlled by the E40F-A001 programmable controller 
with the use of AS (Advanced Superior) software [20]. The 
characteristics of the robotic manipulator Kawasaki RS-
010LA are as follows: positioning accuracy: 0.06 mm; 
maximum linear speed: 13100 mm/s; engagement zone: 
1925 mm; working load capacity: 10 kg. 
The MPS-004 microplasmatron (E.O. Paton Electric 
Welding Institute, Ukraine) weighing 1.2 kg has been 
mounted on the robot arm and moved to perform 
microplasma spraying of metal powders onto metal 
substrates. The speed of linear movement of the 
microplasmatron along the substrate was chosen to be 50 
mm/s. This speed was chosen experimentally to ensure 
plasma spraying of the coating with a uniform thickness. 
Experiments have shown that this speed of linear traveling 
of the microplasmatron does not lead to disturbances in the 
plasma jet flow due to air resistance and, therefore, ensures 
the stability of the spraying process with different 
parameters [21].  The coating thickness varied from 150 µm 
to 500 µm due to changing the plasma spraying parameters 
(amperage, spraying distance, plasma gas flow rate and 
powder flow rate) and change in the number of passes of 
the plasma jet. The main feature of thermal plasma spraying 
is high temperatures in the plasma jet (>20.000 K). Powders 
of refractory metals and alloys or ceramics melt in a plasma 
jet, deform when hitting the surface, and solidify, forming 
Generation of a robot manipulator program for 
surface scanning 
Performing a 3D surface scanning procedure 
Building an analytical model of the scanned 
surface 
Generation of a manipulator program for 
microplasma surface treatment 
Performing microplasma spraying of the coating 
onto the surface 
a coating. The main challenge for the development of 
thermal plasma spraying technologies is the formation of a 
coating with  controlled microstructures and properties. 
The use of the intelligent robotic systems allowed 
maintaining the specified speed, spraying distance and 
angle, providing precision coating deposition on complex-
shaped implant parts [21, 22]. It was shown that the robotic 
microplasma spraying can produce biocompatible coatings 
on patient with specific medical titanium implants meeting 
the requirements of international standards of implants for 
surgery in terms of coating adhesive strength, crystallinity 
and purity [21]. The small size of the spraying spot on the 
plasma-coated surface (with a diameter of 5mm to 15mm) 
reduces the loss of spraying material when coating small-
sized products, which include most parts of endoprostheses.   
However, the advantage of the developed intelligent 
robotic system is that it is applicable for processing large-
sized objects of complex shape, as will be  described below. 
The preliminary scanning of substrates was carried out 
with an ODSL 8/D4-400-S12 (Leuze electronic, Germany) 
laser triangulation distance sensor installed on the 
manipulator. 
The motion of the robot-manipulator is completely 
determined by the program in the AS (Advanced Superior) 
language, executed by the robot’s control system. The high 
level robot-control language AS can be viewed as end-
effector motion description language. The AS program 
describes the motion of the center of the working tool as 
motion through the number of path positions and also 
describes spatial orientation of the working tool. High level 
control software solves reverse kinematic task for given 
end effector motion description, as well as other trajectory 
planning tasks. All low level control tasks (such as a force 
and position control) are performed by the manipulator 
controller. 
III. RESULTS AND DISCUSSION 
During the scanning procedure, the trajectory of the 
manipulator working tool (the distance sensor) lies in the 
horizontal plane above the scanned surface. The trajectory 
consists of connected U-shaped segments. Work segments 
of the trajectory are parallel straight line segments that 
cover the scanned area. When passing the working 
segments of the trajectory, the distance sensor data is read. 
The robot manipulator controller allows to read the current 
spatial position of the working tool on request, and the laser 
triangulation distance sensor also allows to perform 
measurement on request. In the process of scanning, a 
couple of requests are sequentially executed from the 
computer: i) a request to perform measurements to the 
distance sensor and ii) a request to transfer the coordinates 
of the working tool to the controller of the robotic arm. The 
time interval between these two requests is so small that it 
is assumed that the distance was measured exactly at the 
location of the sensor, determined by coordinates received 
as reply to the second request. The result of scanning 
procedure is a point cloud. Speaking more precisely, this 
point cloud is an unordered set of triplets of Cartesian 
coordinates of points on the scanned surface. For the 
scanning scheme, described above, the first pair of 
coordinates (the position of the sensor on the plane of the 
sensor trajectory) is measured with a high degree of 
accuracy, while the third coordinate (the distance from the 
plane of the sensor trajectory to the point of the scanned 
surface) represents a noisy data of distance sensor. Thus, an 
attempt to reconstruct the surface by direct methods of 3D 
will lead to unacceptably large errors. 
In order to overcome these difficulties, a data 
processing algorithm that uses regression analysis methods 
has been developed in order to build a local parameterizable 
surface model. The surface segmentation procedure has 
been described in previous papers [22, 23], during which 
local models of overlapping surface segments are combined 
into regions with a homogeneous geometric structure 
described by a general analytical parameterizable model, 
which allows without a priori knowledge of the geometric 
structure surface construct an analytical 3D model of a 
surface with a complex structure. From authors’ knowledge 
this is the first research team to propose the use of 
numerical values of the Gaussian and mean curvature of the 
surface as a criterion for the homogeneous geometric 
structure of two local regions of the surface [22, 23]. The 
segmentation procedure is necessary for the further 
formation of the trajectory of the manipulator for two 
reasons: i), the methods used to form the path of the 
manipulator uses an analytical model of the surface as input 
data and ii) the use of segmentation methods allows to 
partially solve the problems arising in the reconstruction of 
surfaces, the shape of which cannot be described by a 
smooth function of two variables (surfaces with 
"fractures"). 
At the first stage of constructing an analytical model of 
the surface, the coverage of the scanned area with 
overlapping circles of the same radius was constructed. The 
centers of the circles formed a rectangular grid. To select 
geometrically homogeneous areas of the scanned surface, a 
variation of the region growing algorithm was applied. The 
region growing algorithm, originally developed for image 
segmentation, can be generalized for an arbitrary connected 
graph and in this case, the vertices of the graph can be 
considered as pixels. So, the input of the algorithm is a 
graph. The vertices of the graph are grid nodes 
corresponding to the centers of the circles that define the 
local approximation regions.  The algorithm examines 
neighboring pixels (vertexes) of initial seed points 
(vertexes) and determines whether the pixel neighbors 
should be added to the region. The process is iterated on, in 
the same manner as general data clustering algorithms.   
The block diagram of the developed algorithm for 
constructing a region of homogeneity by the seed point is 
shown in Fig. 2a. A numerical criterion )( h  was used 
to determine whether a neighboring vertex belongs to a 
region (“Get New Border” in Fig. 2a). To test if a vertex 
  belongs to region corresponding to a seed point h , 
the procedure uses the predicate



















)()(,1  ,   (1)  
where
)(K
  is a value of the Gaussian curvature and   
)(H
 is a value of the average curvature in the region of 
local approximation corresponding to a vertex  ,  
0K  
and 
0H  are curvatures in a local area corresponding to a 
given seed point (a vertex h ),  K and H  are  the 
positive thresholds values. The scheme of the seed point’s 
selection is shown in Fig. 2b. 
The software testing data for this segmentation 
algorithm written in Python is presented in Fig. 3. The 
surface elevation map is a segment of a sphere of radius 
2R , the center of which is located at a point with 
coordinates (0,0, -1.5), cut by the plane 0z . The map is 





a –  block diagram of  the algorithm for constructing a region of homogeneity by the seed point; 
b –  block diagram of the algorithm for the seed point’s selection 




a b c 
a -  the surface of the function of the mean curvature of the surface, calculated in local windows of radius 75.0r  
b -  the surface of the function of the Gaussian curvature of the surface, calculated in local windows of radius 75.0r  
c - reconstructed model of the surface - a plane with a segment of a sphere of radius 2R  
Figure 3.  Results of testing the segmentation algorithm on model data   
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For the robot automatic pass and motion planning, a 
number of assumptions and limitations has been made for 
both the model of the coating process and the technological 
parameters of the process. Since the working tool of the 
manipulator is a movable plasma source (the 
microplasmatron) that forms a plasma jet with a flow of 
coating particles, it was assumed that the plasma jet can be 
simulated by a cone-shaped flow of particles. It was also 
assumed that the distribution of the particle flux through the 
plane perpendicular to the axis of the deposition cone is 
radially symmetric. 
Two mandatory requirements were imposed on the path 
of the working tool of the manipulator: 1) the constancy of 
the distance from the working tool to the surface throughout 
the path and 2) the perpendicularity of the axis of the spray 
cone of the treated surface at any time. When these 
requirements are met, the path of the working tool in space 
will correspond to a curve on the treated surface, which is 
the locus of the points of intersection of the spraying cone 
axis with the surface. Hereinafter, this curve on the treated 
surface will be called “the trace of the working tool”. For 
any point of the trace, it is easy to find the corresponding 
point of the actual spatial trajectory of the center of working 
tool. To do this, a normal to the surface at a given point of 
the tool trace must be built. The corresponding trajectory 
point will lie on this normal at a specified distance from the 
origin point of the trace. AS language program describes 
the path of the working tool as a sequence of line segments 
and circular arcs. Thus, the process of automatic generation 
of the robot manipulator program is divided into three 
stages. At the first stage, the path of the center of the 
manipulator working tool is determined as a space curve. 
At the second stage, this curve is approximated by a 
sequence of geometric primitives (line segments and arcs). 
At the third stage, the sequence of geometric primitives is 
translated into the AS program. 
To generate the path of working tool center (first stage) 
a number of equidistant curves on the surface are build, this 
represents the trace of the working tools for the generated 
manipulator program. Each of these curves corresponds to 
a so-called “working segment” of an actual working tool 
path. Each two adjacent working segments are connected 
by the so-called "maneuver segment", and together they 
form a U-shaped fragment of the working tool path. The 
family of equidistant curves on the surface is generated by 
translation of single starting path on the surface; therefore 
the selection of starting path and distance between neighbor 
traces determines the total path of the manipulator working 
tool. In order to form the starting fragment of the trajectory, 
a specially selected geodetic line on the surface is used. In 
general, a geodetic line connecting two points on a surface 
is the shortest curve of all curves on the surface passing 
through those two given points. If the curve on the surface 
is the trace of the plasma torch nozzle, then in the case when 
the geodetic curvature of the trace is zero, the sprayed 
material will be distributed evenly on both sides of the 
trajectory of the trace.  
Thus, the optimal choice of the starting segment of the 
trajectory is to select one of the geodetic lines on the 
surface. It is advisable to select the starting segment so that 
the path segments obtained by displacing the starting 
segment have as little geodetic curvature as possible. We 
tried three ways to generate a starting fragment: two 
automatic and one semi-automatic. The first automatic 
method was based on the criterion of the minimum height 
proposed in [24]. A second method was developed by the 
research team, based on enumerating the directions of the 
starting segment and assessing the quality of the generated 
trajectories by the integral criterion. The third method also 
developed by the research team was semi-automatic, in 
which the operator sets the point and direction of the 
starting segment in geodetic curve. To perform the second 
stage of program generation procedure – an approximation 
of working tool path by sequence of geometric primitives, 
a CAL algorithm (chord and arc length algorithm) is 
applied to the output of the first stage. The CAL algorithm 
approximates an arbitrary spatial curve with a broken line, 
so that the specified criterion of approximation accuracy 
(the maximum distance from the segment of the broken line 
to the curve) is met. A detailed description of the CAL 
algorithm for the approximation of spatial curves, together 
with a proof of the convergence of the iterative procedure 
of the algorithm, can be found in [25].  
The CAL algorithm was adapted to solve the main 
problem of this research, i.e. to make the approximation of 
the trajectory by a smooth curve, which is a sequence of 
line segments and arcs of a circle. To do this, it is enough 
to conjugate adjacent segments of the polyline with arcs. 
The simple procedure of selection of radius of conjugation 
arc for two adjustment segments of broken line can be 
briefly described as follows: choose maximum value that 
still meets given criteria of approximation accuracy. The 
choice of the radius of the conjugate arc is a compromise 
solution. Also, the smallest possible radius must be selected 
and the highest radiusto make the trajectory as smooth as 
possible, for every broken line vertex. It must be 
highlighted that fora given vertex of a broken line, the 
radius of the conjugate arc cannot exceed  Rmax (2): 
Rmax=min{l1,l2}⸱ctg(/2) 
                      Rmax = min{l1, l2} ∙ ctg (
φ
2
),             (2) 
where l1  and l l2  are the lengths of adjacent segments of 
the polyline and   𝜑 is the angle between these segments 
(see Fig. 4).  
For a given radius R, the approximation error is given 
by the formula (3) 









∙ R            (3)
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a) b) c) 
Figure 4.  Testing the developed algorithms at the production site: a)  the crushing plate of a jaw crusher b) its 3D model, obtained as a result 




                  
Figure 5.   Conjugate line segments with a circular arc 
Thus, as a compromise solution, the algorithm for choosing 
the radius of the mating circle was selected. At each vertex 
of broken line, the value of Rmax Rmax  is calculated by the 
formula (1), then the corresponding error δRmax =
δ(Rmax)  is calculated. Then δRmax  is compared with a 
predetermined approximation error threshold  δmax. In the 
case of  δRmax ≤ δmax ,  Rmax is selected as the radius of 
the mating circle. Otherwise, the radius of the conjugate arc 
is calculated using equation (4) 









∙ δmax              (4) 
The described algorithm, despite a number of attractive 
qualities such as low computation cost and guaranteed 
approximation accuracy has one obvious disadvantage 
which it can (in some cases) introduce approximation errors 
that could be (in principle) avoided. For example, if input 
curve is an arc of circle, then algorithm would not 
approximate it to a single arc, but result of approximation 
would be a sequence of several conjugated line segments. 
Fromauthors’ opinion, the use of pattern recognition 
technique applied to segmentations’ task and classification 
of spatial curves will give prospects for improving the 
method of curve approximation by a sequence of geometric 
primitives. The research team is currently working in this 
direction. Software implementation of the third stage (the 
translation of the sequence of geometric primitive into the 
sequence of AS language commands) is straightforward, 
and will not be discussed here. 
The developed method of automatic manipulator 
program generation was tested and the robotic microplasma 
spraying of a wear-resistant Cr-based coating was 
performed on the worn parts of the jaw’s crushing plate for 
crushing mineral raw materials (Fig. 5). The movable plate 
of a jaw crusher is a large-sized part weighing 295kg made 
of Hadfield steel (the mangalloy) with dimensions: 
900x820x100mm3. The plate has a ribbed surface with a 
distance of 100mm between the centers of the ribbed 
projections, and the height of the projections is 30 mm (Fig. 
5a). A robotic scanning of the plate was carried out, and 
then a robotic microplasma spraying of a protective coating 
on the worn-out sections of the plate was performed. The 
powder of Cr-based composite alloy AN-35 (GOST 21448-
75) was used for the microplasma spraying. The 
microplasma spraying was carried out by moving the robot 
arm with the microplasmatron installed on it in accordance 
with the obtained 3D-model of the plate (Fig. 5b). The 
spraying distance was maintained equal to 400mm. This 
spraying parameter was chosen based on the requirements 
for the structure of the coating.  
Production tests of the crushing plate were carried out 
under conditions of grinding polymetallic ores of various 
hardness with continuous operation of the crusher for at 
least 30 minutes with a loading from 70% to 100% of the 
height of the crushing chamber. The movable plate of the 
jaw crusher, coated after its main resource had been 
depleted, was additionally operated for 6 months, being 
subjected to the optimal load for 5-6 hours per shift. Thus, 
the plate’s service life was extended with the same crusher 
performance. A production test certificate was received 
(Ust-Kamenogorsk, Kazakhstan), and it was concluded that 
the service life of the movable plate of the jaw crusher 
restored by robotic plasma spraying of the Cr- based 
protective coating was increased by 15% compared to the 
plates not subject to restoration. 
 
IV. CONCLUSION 
Algorithms have been developed for automatic path and 
motion planning for a robot manipulator performing 
microplasma spraying of coatings, the program for its 
movement along a 3D model reconstructed from the data of 
robotic 3D scanning of a plasma-processed large-sized 
product has  been automatically generated. 
The pass planning algorithm is based on the selection of 
the starting segment of the trajectory as a geodetic line on 
the surface. An algorithm has been developed for optimal 
curve approximation by a sequence of geometric primitives 
such as segmented lines and arcs, by providing 
conjugations of curve sections. The new motion planning 
algorithm ensures smooth movement of the robot- 
manipulator working tool at a constant modulus speed 
along a 3D model of the product, without the risk of 
unwanted large values of centripetal acceleration during 
manipulator maneuvers. A practical implementation of the 
developed algorithms for the surface segmentation and 
automatic generation of a robot manipulator program was 
carried out, with the help of an intelligent system based on 
an industrial robot Kawasaki where a microplasma 
spraying of a protective coating was carried out on a jaw 
crusher plate, which was then operated for 6 months to 
crush mineral raw materials. 
The developed new algorithms for an intelligent robotic 
system performing plasma spraying of coatings onto 
surfaces with complex shape are of interest to a wide range 
of researchers in the field of robotics and automation of 
production areas with mechatronic systems.  
Further development of research involves comparing 
the final product quality produced with different robot 
control algorithms for evaluation of methods and results 
using the spraying simulator. 
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